r In the human ether-a-go-go related gene (hERG) channel, both the ether-a-go-go (EAG) domain in the N-terminal and the cyclic nucleotide (CN) binding homology (CNBH) domain in the C-terminal cytoplasmic region are known to contribute to the characteristic slow deactivation.
Introduction
The human ether-a-go-go related gene (hERG) channel is a member of the KCNH subfamily in the voltage-gated K + channel (Kv) family, and plays an important role in the repolarization phase of the action potential in human cardiac myocytes, as a rapid component of the cardiac delayed rectifier potassium current (I Kr ) (Sanguinetti & Jurkiewicz, 1990; Sanguinetti et al. 1995; Trudeau et al. 1995) . Loss of function of the hERG channel by genetic abnormality or drug application is causative of long QT syndrome, which induces ventricular arrhythmia or sudden death Roden, 2006; Sanguinetti & Tristani-Firouzi, 2006; Sanguinetti, 2010; Vandenberg et al. 2012) .
One of the most characteristic features of the hERG channel is its far slower deactivation than that of any other Kv (Sanguinetti et al. 1995; Trudeau et al. 1995) , which is critical for the shaping of normal cardiac action potentials. It was reported at an early stage of research that the N-terminal cytoplasmic region is important for regulation of slow deactivation (Schonherr & Heinemann, 1996) . In the N-terminal cytoplasmic region, there is an ether-a-go-go (EAG) domain containing an N-terminal tail (or cap) domain at the N-terminal end, followed by a Per-Arnt-Sim (PAS) domain (Fig. 1A) , as a structural feature of all KCNH subfamily members (Warmke & Ganetzky, 1994; Ng et al. 2011; Gustina & Trudeau, 2012; Vandenberg et al. 2012) . Deletion of the EAG domain was reported to accelerate slow deactivation markedly (Schonherr & Heinemann, 1996; Morais Cabral et al. 1998; Wang et al. 1998) . The acceleration as a result of deletion of the EAG domain was restored by co-expression of the EAG domain as a separate protein (Gustina & Trudeau, 2009; Fernandez-Trillo et al. 2011; Gustina & Trudeau, 2011; Trudeau et al. 2011) , suggesting that the EAG domain is critical for slow deactivation.
Furthermore, it was reported that the restoration of slow deactivation by co-expression of the EAG domain requires the presence of the cyclic nucleotide (CN) binding homology (CNBH) domain in the C-terminal cytoplasmic region (Fig. 1A) (Gustina & Trudeau, 2011) . This inter-domain interaction is also supported by structural analyses of the KCNH subfamily members, including the hERG channel ( Fig. 1B and C) (Haitin et al. 2013; Whicher & MacKinnon, 2016; Wang & MacKinnon, 2017) . In the ELK channel of the KCNH subfamily, a voltage-dependent change of the inter-domain interaction was reported (Dai & Zagotta, 2017) . It was also reported that mutations of Arg56 and Asp803, located at the interface of the EAG and CNBH domains, accelerate slow deactivation (Ng et al. 2014) , and a mutation of Arg56 impairs the interaction between these two domains (Gustina & Trudeau, 2009) . Taken together, these results suggest that the EAG domain functionally interacts with the CNBH domain to achieve slow deactivation.
The CNBH domain is linked to the channel gate by the C-linker domain (Fig. 1A) , and the structure of these domains has many common features with the hyperpolarization-activated cyclic nucleotide-modulated (HCN) and the cyclic nucleotide-gated (CNG) channels (Zagotta et al. 2003; Brelidze et al. 2012; Brelidze et al. 2013; Whicher & MacKinnon, 2016; Lee & MacKinnon, 2017; Wang & MacKinnon, 2017) . For example, the charged amino acid residues that form salt bridges, which are important for the sensitivity to CN of the HCN and CNG channels (Craven & Zagotta, 2004; Craven et al. 2008) , are also conserved in the KCNH subfamily (in the case of the hERG channel, Arg696 and Asp727 in the C-linker domain).
On the other hand, features unique to the KCNH subfamily are reported; for example, the side chain of an intrinsic amino acid residue (in the case of the hERG channel, Phe860) occupies the CN binding pocket in place of CN, as an intrinsic ligand (Brelidze et al. 2012; Brelidze et al. 2013; Whicher & MacKinnon, 2016; Wang & MacKinnon, 2017) . In the hERG channel, mutations of these C-terminal cytoplasmic domains are reported to perturb slow deactivation (Al-Owais et al. 2009; Muskett et al. 2011; Brelidze et al. 2013; Ng et al. 2014) . However, the functional significance of Phe860 mimicking CN, and of Arg696 and Asp727, a salt bridge pair candidate, on slow deactivation has not been fully clarified, especially from the perspective of the inter-domain interaction between the EAG and CNBH domains.
In the present study, we aimed: (i) to examine the effect of various mutations of Phe860 on slow deactivation; (ii) to examine whether Arg696 and Asp727 form a salt bridge critical for slow deactivation; (iii) in response to the negative result of (ii), to newly identify an electrostatically interacting pair in the CNBH domain critical for slow deactivation; (iv) to examine, by fluorescence resonance energy transfer (FRET) analysis, the effects of these two different sets of mutations on the inter-domain interaction between the EAG and CNBH domains; and (v) to examine whether the FRET efficiency (i.e. the inter-domain interaction) changes with membrane potential. We expressed wild-type (WT) and various mutants in Xenopus oocytes and investigated the electrophysiological properties, especially focusing on the deactivation kinetics, under two electrode voltage clamp. We then performed FRET analysis, using HEK293T cells, to examine whether the above-described two different sets of mutations, which accelerate deactivation, affect the interaction between the EAG and CNBH domains.
The results obtained showed that the hydrophobicity of Phe860 is critical for slow deactivation, and that Arg696 and Asp727 do not form a salt bridge, in contrast to the case of HCN and CNG channels. Instead, Asp727 in the C-linker domain and Arg752 in the CNBH domain have an electrostatic interaction which is critical for slow deactivation. We also demonstrated that, in fast deactivation mutations of both the CN-mimicking site (Phe860) and the newly identified electrostatically interacting pair (Asp727 and Arg752), the FRET efficiency between the EAG and CNBH domains is decreased, similar to the case of mutations disrupting the interface (R56D, D803R). The effect of the mutations of Asp727 and Arg752 on the interaction between the EAG and CNBH domains was unexpected because they are located relatively distant from the inter-domain interface. We also observed that the interaction between the EAG and CNBH domains is rather static, with no dynamic voltage-dependent change. These results suggest that two distant and apparently different structural sites, the CN-mimicking residue (Phe860) and the salt bridge in the C-terminal domain (Asp727 A schematic drawing and tetrameric structure of the hERG channel A, schematic drawing of the topology of the hERG channel monomer. The EAG domain, which contains an N-terminal tail domain (1-25 amino acid residues: aa) at the end followed by a PAS domain (26-135 aa) , is shown in cyan. The C-linker domain (666-747 aa) is shown in yellow and the CNBH domain (748-872 aa) is shown in green. B, tetrameric structure of the complex of the EAG, C-linker and CNBH domains (Protein Data Bank code: 5VA1). Colours correspond to (A). The first 10 amino acid residues of the EAG domain are not shown. Arg696 and Asp727 in the C-linker domain are shown in blue and red, respectively. Phe860 in the CNBH domain is shown in purple. Side chains are depicted only in these three amino acid residues. C, detailed structure of the interface between the EAG and CNBH domains. Arg56 in the EAG domain and Asp803 in the CNBH domain are shown in blue and red, respectively. The positions of the β-roll, αA and αB helices are indicated. D, expanded view of the detailed structure, highlighting Arg696 and Asp727. Arg696 and Asp727 are located in the C-linker domains on two adjacent subunits. The positions of the αA , αB and αD helices in the C-linker domain are indicated. 596.19 and Arg752), have a shared functional significance in maintaining the static inter-domain interaction between the EAG and CNBH domains, which is critical to achieving slow deactivation.
J Physiol

Methods
Ethical approval
All animal experiments were approved by the Animal Care Committee of the National Institutes of Natural Sciences (an umbrella institution of National Institute for Physiological Sciences, Japan), and were performed in accordance with its guidelines. The animal experiments also comply with the policy and regulations of The Journal of Physiology (Grundy, 2015) .
Construction of single, double and fluorescent protein (FP) inserted mutants
Full length hERG channel (hERG1a) was subcloned into the pSP64 plasmid for experiments using Xenopus oocytes (pSP64-hERG1a) or into the pcDNA3.1(-) plasmid for experiments using HEK293T cells (pcDNA3.1(-)-hERG1a).
Single and double mutants were constructed using the In-Fusion HD Cloning Kit (Takara, Otsu, Japan). Two PCR primers including mutations were designed to extend DNA fragments in the upstream or downstream direction from the regions into which an objective mutation(s) was to be introduced. PCR was performed using a designed forward primer with a reverse primer in the BamHI restriction site region (on pSP64 and pcDNA3.1(-) plasmids, downstream from stop codon) or a designed reverse primer with a forward primer spanning the BstEII (or XhoI) restriction site, and each template (pSP64-hERG1a, pcDNA3.1(-)-hERG1a or mutants thereof). The PCR fragments obtained were purified and an In-Fusion reaction was performed with the vector side fragment of pSP64-hERG1a, which was digested by BstEII (or XhoI) and BamHI. After introduction into Escherichia coli (TG1, genotype; supE, hsd 5, thi, (lac-proAB)/F [traD36, proAB + , lac I q , lacZ M15]), plasmid DNA was amplified and purified.
Constructs with a FP, Cerulean or Venus, were also made using the In-Fusion HD Cloning Kit. Two PCR primers were designed for elongation of DNA fragments encoding the FP region, and two other primers were designed to extend DNA fragments in the upstream or downstream direction from the region into which the FP is inserted. The former primers were used to amplify DNA fragments encoding the FP region by PCR. Then, in the case of inserting Cerulean, PCR was performed using the latter upstream primer with the reverse primer from XhoI, the latter downstream primer with the forward primer from HindIII (on pSP64 plasmid, upstream from start codon) and pSP64-hERG1a for template. In the case of inserting Venus, PCR was performed using the latter upstream primer with the reverse primer from BamHI, the latter downstream primer with the forward primer from XhoI and pSP64-hERG1a for template. The obtained PCR fragments were purified, and an In-Fusion reaction was performed with the vector side fragment of pSP64-hERG1a, which was digested by HindIII and XhoI in the case of Cerulean, or by XhoI and BamHI in the case of Venus. After introduction into E. coli, plasmid DNA was amplified and purified.
The combined mutations were introduced by subcloning the necessary regions into intrinsic restriction sites in pSP64-hERG1a or pcDNA3.1(-)-hERG1a, using the restriction enzymes HindIII, BstEII, BglII, XhoI, SphI, BamHI and EcoRI (Toyobo, Kyoto, Japan) and a DNA Ligation Kit (Takara). DNA sequences of all mutants were confirmed using BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA, USA) and a DNA sequencer (ABI PRISM 3130xl; Applied Biosystems). cRNA was transcribed from each linearized plasmid DNA using the mMessage mMachine SP6 Transcription Kit (Ambion, Austin, TX, USA).
Preparation of Xenopus oocytes
Experiments using Xenopus oocytes were performed essentially as described previously (Chen et al. 2017) . Adult female Xenopus laevis (90-120 g) were purchased from Hamamatsu Animal Supply Co. (Hamamatsu, Japan) and housed in the institutional aquatic facility. The total number of frogs for obtaining oocytes in the present study was ß100. Ten to fifteen frogs were maintained in each water tank with sufficient space (length 900 mm, width 660 mm, height 500 mm) at 18°C under a 12:12 h light/dark photocycle. Frogs were fed three times a week. Frogs were anaesthetized with 0.15% tricaine for 20 min via skin absorption in a separate water box. The depth of anaesthesia was monitored by the disappearance of withdrawal reflexes. Oocytes were then surgically removed from the frogs by making a small incision on the abdomen on ice. After suturing the incision and recovery from anaesthesia, frogs were then returned to the main water tank. Post-operational frogs did not show signs of distress and recuperated for at least 3 months before the next surgery. After depletion of oocytes, anaesthetized frogs were killed by double pithing. Oocytes were treated with collagenase (2 mg mL -1 ; Sigma-Aldrich, St Louis, MO, USA) for 6-7 h at room temperature to remove the follicular cells. After selecting oocytes at stage V, they were injected with 50 nL of 0.5 μg μL -1 cRNA solution. Injected oocytes were incubated for 1-3 days at 17°C in frog Ringer solution (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 0.3 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 and 15 mM Hepes, pH 7.4 adjusted with NaOH, with 0.1% penicillin-streptomycin).
Two electrode voltage clamp experiments
Electrophysiological experiments were performed essentially as described previously (Nakajo & Kubo, 2014) . One to 3 days after the cRNA injection, macroscopic currents were recorded from injected oocytes under two electrode voltage clamp using an amplifier (OC-725C; Warner Instruments, Hamden, CT, USA), an AD-DA converter (Digidata 1322A; Molecular Devices, Sunnyvale, CA, USA) and software for control and recording of voltage clamp (pCLAMP8.2; Molecular Devices). Glass microelectrodes were drawn from borosilicate glass capillaries (Harvard Apparatus, Cambridge, MA, USA) and filled with 3 M K-acetate and 10 mM KCl (pH 7.4 adjusted with HCl). The electrode resistance was 0.2-0.8 M . All experiments were performed at room temperature (20-25°C). The bath solution was ND-96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 and 5 mM Hepes, pH 7.4 adjusted with NaOH). Oocytes were voltage clamped at −90 mV, and three kinds of step pulse protocol were applied. The first protocol was designed to analyse the voltage dependence: depolarizing step pulses from −80 to 60 mV for 2 s in 10 mV increments, followed by a step pulse to −60 mV for 2 s, every 8 s. The second protocol was designed to analyse the deactivation kinetics: a step to 40 mV for 1 s, followed by hyperpolarizing step pulses from −40 to −80 mV for 3 s in −10 mV decrements, every 8 s. The third protocol was for the analysis of the activation kinetics as described by Phan et al. (2017) : depolarizing step pulses to 0, 20 and 40 mV of various durations (test pulse) from the holding potential of −90 mV, followed by a step pulse to −60 mV for 2 s, every 8 s. The development of peak tail current amplitude was plotted as a function of test pulse duration to obtain the activation time constant at 0, 20 and 40 mV, respectively. Data from the amplifier were digitized at 10 kHz and filtered at 1 kHz.
Analysis of the G-V relationship
Conductance, relative to the maximal conductance (G/G max ), was determined from the peak of the outward tail current at −60 mV after depolarizing step pulses. The G/G max was plotted as a function of membrane potential, and the curve was fitted to the Boltzmann function, as:
where the V 1/2 value is the membrane potential when the G-V relationship reaches half level, and the k value is the slope factor. C is a constant component.
Analysis of the deactivation kinetics
The deactivation kinetics were analysed by fitting the deactivating outward tail current at each repolarizing voltage step to a double exponential function, as:
where t is time, and τ 1 and τ 2 represent slow and fast time constants of deactivation (τ slow and τ fast ). A 1 and A 2 are fractions of each component (A slow and A fast ). C is a constant component. The values of τ slow and τ fast at −60 mV were used for statistical comparison.
FRET analysis
FRET experiments were performed essentially as described previously (Tateyama et al. 2004) . HEK293T cells were cultured on glass-bottomed dishes and transfected with cDNA plasmid for FP-fused hERG channels using LipofectAMINE2000 (Invitrogen, Carlsbad, CA, USA). Then, 36-48 h after transfection, optical recording was performed using a total internal reflection fluorescence (TIRF) microscope (Olympus, Tokyo, Japan) and a cooled charge-coupled device camera (RETIGA 6000; Qimaging, Surrey, BC Canada). Under TIRF illumination, Cerulean and Venus fusion proteins were excited by 442 nm and 515 nm laser lines, respectively. Excitation of FPs and image acquisition were controlled using MetaFluor imaging software (Molecular Devices). Acceptor bleaching was performed for FRET analysis, by applying the 515 nm laser for 1 min. Fluorescence images of Cerulean and Venus were acquired five times before and after the acceptor bleaching. Fluorescence intensities of Cerulean and Venus (F C and F Y , respectively) were measured from each cell expressing the FP-fused hERG channels and background intensities were subtracted. The acceptor bleaching decreased F Y by 95% and increased F C by 5-25%. The FRET efficiency was calculated by normalizing the increment of F C after the acceptor bleaching by total F C . F C after the bleaching and F Y before the bleaching were used to calculate their ratio. For the analysis of the voltage dependence of FRET efficiency, the acceptor-bleaching method described above was not suitable because continuous recordings were necessary. Instead, cells were continuously perfused with bath solution (140 mM NaCl, 4 mM KCl, 1 mM CaCl 2 , 0.3 mM MgCl 2 and 10 mM Hepes, pH 7.3 adjusted with NaOH). F C and F Y were monitored from each cell upon the excitation of Cerulean every 3 s, and background intensities were subtracted. The net FRET efficiency was calculated by subtracting the bleed-through of Cerulean emission from F Y (net F FRET = F Y − 0.4 × F C ) and then normalizing by F C (net F FRET /F C ). Depolarization was evoked by perfusing the bath with a solution containing 140 mM K + , by replacing NaCl with KCl.
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The depolarization effect was confirmed by measuring the resting membrane potential in 4 mM KCl solution by independent whole-cell patch clamp recordings.
Method for voltage clamp fluorometry
Macroscopic whole-cell currents and fluorescence signals were simultaneously recorded from HEK293T cells expressing FP-tagged WT hERG channels (WT-C1/Y3). Membrane currents were recorded by whole-cell patch clamp using an Axopatch 200B amplifier (Molecular Devices). The bath solution was: 140 mM NaCl, 4 mM KCl, 1 mM CaCl 2 , 0.3 mM MgCl 2 and 10 mM Hepes (pH 7.3 adjusted with NaOH). The pipette solution was: 130 mM KCl, 5 mM Na 2 -ATP, 3 mM EGTA, 0.1 mM CaCl 2 , 4 mM MgCl 2 , 0.3 mM GTP-Li 3 and 10 mM Hepes (pH 7.3 adjusted with KOH). Cells were held at −70 mV, and depolarizing test pulses were applied from −40 mV to 40 mV (2 s), followed by a repolarizing pulse to −40 mV (2 s), every 15 s. The macroscopic currents and fluorescence intensities were simultaneously acquired using a Digidata 1322A and pClamp 9 (Molecular Devices) with a sampling frequency of 5 kHz. CFP of WT-C1/Y3 was continuously excited by LED light passed through a band-pass excitation filter (426-450 nm) and the emitted light was divided by a dichroic mirror (505 nm). The fluorescence intensities of shorter wavelengths passed through a 430-490 nm filter (F C ) and longer wavelengths passed through a 510-550 nm filter (F FRET ) in the whole view area were recorded by two photomultiplier tubes (Hamamatsu Photonics, Hamamatsu, Japan). After the baseline of F FRET was adjusted to cancel the quenching-induced slow and gradual decline, F FRET normalized by F C (F FRET /F C ) was calculated. A subtraction of the bleed-through of Cerulean emission from F Y was not performed because the coefficient for subtraction differs, depending on the background intensity influenced by the fraction of the cell free-area in the whole view. The measurement was carried out at −70 mV (for 100 ms before the test pulse, closed state) and at the repolarizing potential of −40 mV (22-72 ms after the repolarization, open state).
Statistical analysis
All averaged data are presented as the mean ± SD. The n value is the number of recordings. A statistical significance between more than two groups was examined by one-way ANOVA followed by Tukey's test using Igor Pro (WaveMetrics Inc., Portland, OR, USA). P < 0.05 was considered as statistically significant ( * 0.01 ࣘ P < 0.05, * * 0.001 ࣘ P < 0.01, * * * P < 0.001).
Results
Phe860 mutants show various deactivation kinetics
The side chain of Phe860 occupies the CN binding pocket as an intrinsic ligand in the CNBH domain ( Fig. 1C) in the KCNH subfamily, unlike in CN-regulated HCN and CNG channels, and mutation of Phe860 to Ala accelerates the deactivation kinetics (Brelidze et al. 2013) . To analyse the role of Phe860 in further detail, we mutated Phe860 to Val, Ile, Tyr, Ala, Arg or Glu, expressed them in Xenopus oocytes, and analysed their electrophysiological properties by two electrode voltage clamp. A series of step pulses between −80 and 60 mV in 10 mV increments and a sunsequent step pulse at −60 mV were applied to measure peak amplitudes of the tail currents ( Fig. 2A, bottom) . To obtain the G−V relationships, the peak amplitudes of the tail currents were normalized to the maximum tail current in each cell, and then the V 1/2 values were obtained by fitting the G−V relationships with a Boltzmann function.
The G−V relationships of all mutants did not show remarkable changes compared to that of WT ( Fig. 2C) . Next, to investigate the deactivation kinetics, the deactivating current traces of WT and mutants were obtained by an activating step pulse at 40 mV followed by step pulses between −40 and −80 mV (Fig. 2B, bottom) . Each deactivating tail current was fitted to a double exponential function to determine the slow and fast time constants (τ slow and τ fast , respectively). The deactivation kinetics of mutants to hydrophobic Val and Ile were not changed, although those of mutants to Tyr, Ala, Arg and Glu were accelerated significantly compared to those of WT. The acceleration was remarkable, especially in the latter three mutants ( Fig. 2D and E). The fraction of contribution of slow and fast components was also analysed. The results show that the contribution of the slow component is less at a more hyperpolarized potential, and also is minor, especially in fast deactivation mutants (Fig. 2D) . The results show that the deactivation kinetics of the hERG channel change depending on the hydrophobic nature of the amino acid residue introduced at Phe860, implying the critical importance of the hydrophobicity of Phe860 for slow deactivation.
hERG channels with FPs after the EAG and CNBH domains show high FRET efficiency
Because Phe860 within the CN binding pocket is located adjacent to the interface between the EAG and CNBH domains (Fig. 1C) , we next examined whether Phe860 contributes to the inter-domain interaction by FRET analysis. We made constructs in which FPs, Cerulean and Venus, are inserted after the EAG and CNBH domains, respectively (Fig. 3A) . We attached flexible linkers, (GGS) 5 , at both ends of each FP and inserted them into three different positions at intervals of 30 amino acid residues (C1, C2, C3, and Y1, Y2, Y3 in Fig. 3B ) because flexible linkers such as (GGS) 5 help proper folding of FPs (Tateyama et al. 2013) or of tandem ligated constructs (Nakajo et al. 2010) by increasing the structural flexibility of the ligated region.
We then constructed nine combinations, WT-C1/Y1, WT-C1/Y2, WT-C1/Y3, WT-C2/Y1, WT-C2/Y2, WT-C2/Y3, WT-C3/Y1, WT-C3/Y2 and WT-C3/Y3 (Fig. 3B) , to search for an optimal construct. We expressed each of them in HEK293T cells and evaluated the FRET efficiency by the acceptor photobleaching method. All constructs showed high FRET efficiencies, and the intensity ratio of (F C /F Y ), which influences the FRET results, was not remarkably different (Fig. 3C) . Among them, WT-C1/Y1, WT-C1/Y2 and WT-C1/Y3 showed relatively high FRET efficiency (Fig. 3C ). The constructs with C2 or C3, expressed in Xenopus oocytes, showed low current amplitudes that were insufficient for electrophysiological analysis. Thus, we decided to use C1-based constructs. The electrophysiological properties of WT with no FP tag, WT-C1/Y1, WT-C1/Y2 and Activating current traces were elicited by 2 s step pulses between -80 and 60 mV in 10 mV increments followed by a 2 s step pulse at -60 mV to obtain the tail current peaks. Holding potential was at −90 mV. The step pulse protocol used is depicted at the bottom. B, representative tail current recordings. Deactivating current traces were obtained by 3 s step pulses between −40 and −80 mV after a 1 s activating step pulse at 40 mV. The step pulse protocol used is depicted at the bottom. WT-C1/Y3 in Xenopus oocytes were recorded. Their G-V relationships were similar to each other and to WT with no FP tag (Fig. 3D ). Deactivation kinetics of FP-tagged constructs were similar to each other but significantly faster than those of WT with no FP tag (Fig. 3E) . The results show that the insertion of FP has an influence on the deactivation kinetics and also on the structure. However, because the difference is less than that between WT and, for example, F860E (Fig. 2D) , we considered the unavoidable perturbation by FP tag insertion to be not too serious, and the construct is usable as a background to make point mutants with an FP tag. We anticipated a risk of disturbing the structure of the FP by mutating Phe860 and decided to use the WT-C1/Y3 construct because the position of Y3 is furthest from Phe860.
Mutations of Phe860 to Arg and Glu decrease the FRET efficiency significantly
We used WT-C1/Y3 as a base, introduced various mutations into it, and analysed the FRET efficiencies. The FRET efficiencies of the mutants of Phe860 to Val and Ile did not show clear differences from that of WT-C1/Y3 (Fig. 4A , left) and they also did not show significant differences in the G-V relationship (Fig. 4B ) or deactivation kinetics from WT-C1/Y3 ( Fig. 4C and  D) . The mutants of Phe860 to Tyr and Ala showed a tendency toward decreased FRET efficiencies, although the difference from WT-C1/Y3 was not statistically significant (Fig. 4A, left) . Their deactivation kinetics were significantly faster than those of WT-C1/Y3 (Fig. 4C  and D) , whereas the G-V relationship was unchanged (Fig. 4B) . The mutants of Phe860 to Arg and Glu showed significantly lower FRET efficiency (Fig. 4A, left) and faster deactivation kinetics ( Fig. 4C and D) than those of WT-C1/Y3. The large variation of τ slow at hyperpolarized potentials is a result of the very limited contribution of the slow component. It was confirmed that the lower FRET efficiencies of the mutants to Arg and Glu are not a result of the difference of F C /F Y ratio (Fig. 4A, right) . F860R also showed a slight but significant positive shift of the G-V relationship (Fig. 4B) . These results show that the FRET efficiencies between the EAG and CNBH domains also change depending on the amino acid residue introduced at Phe860, similar to the deactivation kinetics. They also suggest that the cause of the acceleration of deactivation in the mutants is a result of the loss of the inter-domain interaction between the EAG and CNBH domains.
F860E mutation decreases FRET efficiency to a level similar to those of R56D and D803R mutants
It was reported that the R56Q mutation accelerates the deactivation kinetics (Gustina & Trudeau, 2009; Gianulis & Trudeau, 2011; Ng et al. 2014) and decreases FRET efficiency between the EAG domain as a separate protein and the hERG channel without an EAG domain (Gustina & Trudeau, 2009) . To confirm that the decrease in FRET efficiency by the F860E mutation is caused by loss of the interaction between the EAG and CNBH domains, we compared the FRET decrease of F860E with that of R56D. We also compared it with that of the D803R mutant because Asp803 is known to interact with Arg56 at the inter-domain interface (Ng et al. 2014) . The FRET efficiencies of F860E-, D803R-and R56D-C1/Y3 were all significantly and equally lower than that of WT-C1/Y3 (Fig. 5A, left) . It was confirmed that the differences in FRET efficiencies are not a result of the difference in the F C /F Y ratio (Fig. 5A, right) . In agreement with FRET analysis, the deactivation kinetics of F860E was significantly accelerated to a level similar to those of D803R and R56D (Fig. 5B and C) . The large variation of τ slow of mutants at hyperpolarized potential is the result of a very limited contribution of the slow component. These results show that the F860E mutation, similar to the mutations of Arg56 and Asp803, disrupts the inter-domain interaction between the EAG and CNBH domains, resulting in acceleration of the deactivation kinetics.
There is no clear interaction between Arg696 and Asp727 in the hERG channel
There are amino acid residues in the C-linker and CNBH domains other than Phe860 that are expected to contribute to the maintenance of the structure of hERG channels and functions such as slow deactivation (Al-Owais et al. 2009; Muskett et al. 2011; Ng et al. 2014) . We next expanded our focus and analysed the effects of mutations in other structural determinants on slow deactivation and the inter-domain interaction.
It was reported that two salt bridges in the C-terminal cytoplasmic region are important with respect to the stabilization of the closed state in the HCN and CNG channels and that binding of CN in the CN binding pocket disrupts these salt bridges to stabilize the open state (Craven & Zagotta, 2004; Craven et al. 2008) . The amino acid residues corresponding to these salt bridges are conserved in the primary structure of the hERG channel, and structure analysis showed that these conserved amino acid residues are located at similar positions (Wang & MacKinnon, 2017) . Among them, one pair is Arg696 on the αB helix in the C-linker domain on one subunit and Asp727 on the αD helix in the C-linker domain on an adjacent subunit (Fig. 1D) . To analyse the role of the salt bridge between Arg696 and Asp727, we mutated Arg696 and Asp727 to oppositely charged amino acids Glu and Lys (R696E and D727K) and also constructed the double mutant (R696E&D727K).
We analysed the electrophysiological properties of these constructs using Xenopus oocytes by two electrode voltage clamp ( Fig. 6A and B) . The G-V relationships of all mutants did not show remarkable changes compared to that of WT (Fig. 6C) . Next, we recorded the deactivating tail current traces of WT and mutants (Fig. 6B) . The 
V 1/2 (mV) deactivation kinetics (τ slow and τ fast ) of R696E were not changed, although those of D727K and R696E&D727K were significantly accelerated compared to those of WT ( Fig. 6D and E) . Contributions of the slow component of D727K and R696E&D727K were also similarly less than that of WT (Fig. 6D, right) . Furthermore, the deactivation kinetics of D727K and R696E&D727K were similar to one another ( Fig. 6D and E) (i.e. the slow deactivation could not be restored by charge-swapping double mutations). These results show that there is no clear electrostatic interaction between Arg696 and Asp727, and also that Asp727 contributes to the regulation of slow deactivation in the hERG channel.
Screening of the interacting partner of Asp727 in regulating the slow deactivation
Because the D727K mutation accelerated the deactivation kinetics ( Fig. 6D and E), we assumed that Asp727 electrostatically interacts with other amino acid residue(s) to regulate slow deactivation and aimed to identify the candidate amino acid residue(s). Because the hERG cryo-electronic microscopy (EM) structure was not yet reported at the time of this analysis, we conducted scanning mutagenesis of all positively charged residues located in the C-linker and the CNBH domains to glutamate (only Arg791 to aspartate), one at a time, and analysed their deactivation kinetics for comparison with those of WT. As a result of this screening, R752E, K757E, K759E, R784E, K801E, R814E, K817E, R835E and R863E showed significantly faster deactivation kinetics than WT (Fig. 7A ). Among these candidates, Arg752 on the αA helix in the CNBH domain, whose mutation effect was most prominent, was later found to be located adjacent to Asp727 on the same subunit in the hERG structure (Wang & MacKinnon, 2017) (Fig. 7B) . Interestingly, the positively charged amino acid residues corresponding to Arg752 are conserved only in the KCNH subfamily, and not in CN-regulated channels (Fig. 7C) . Thus, we identified Arg752 as a candidate for the interacting partner with Asp727 that regulates the slow deactivation in the hERG channel.
Other positively charged amino acid residues that changed the deactivation kinetics in the CNBH domain shown in blue (Fig. 7D) are located mostly at the inter-subunit boundary or on the surface of the CNBH domain facing to the central side of the tetramer. Also, all negatively charged amino acid residues in the CNBH domain are depicted in red (Fig. 7D) . By scanning mutagenesis of negatively charge amino acid residues in the CNBH domain, Asp774, Glu788 and Asp803 were identified previously as critical amino acid residues for the slow deactivation (Ng et al. 2014) (Fig. 7D ). They were considered as good candidates for salt bridge partners of the positively charged amino acid residues that we identified, although none of them are in close proximity.
By contrast, most of the mutations in the C-linker domain (first half of Fig. 7A ) showed a tendency to slow down the deactivation. It is especially noteworthy that R681E, located on the αA helix in the C-linker domain, whose side chain points to the S4-S5 linker domain side (Wang & MacKinnon, 2017) , showed a significant deceleration of deactivation.
A newly identified electrostatic interaction between Asp727 and Arg752 is critical for slow deactivation
To examine whether or not Arg752 directly interacts with Asp727 to regulate slow deactivation, we made Slow deactivation and the N-and C-domains interaction of hERG channel 4641 
Arg696 In the mutants, each positively charged amino acid residue located in the C-linker or the CNBH domain was mutated to a negatively charged amino acid residue, glutamate or aspartate, one at a time. B, expanded view of the structure highlighting Arg696, Asp727 and Arg752. The C-linker and CNBH domains are shown in yellow and green, respectively. Arg696 in the C-linker domain on the neighbouring subunit is shown in blue. Asp727 in the C-linker and Arg752 in the CNBH domains on the same subunit are shown in red and blue, respectively. C, J Physiol 596.19 amino acid sequence alignment of the region surrounding Arg752 (grey) in the hERG channel and corresponding regions in other channels. D, upper: side view of the hERG structure highlighting the positively charged amino acid residues in the CNBH domain, whose mutation accelerated the deactivation, in blue. Negatively charged amino acid residues in this region are shown in red. The labels of Asp774, Glu788 and Asp803, which were reported to be critical for slow deactivation (Ng et al. 2014) , are framed. Phe860 is shown in purple. P depicts the PAS domain. D, lower: view from the bottom to depict the location of the critical amino acid residues in the tetramer. a double mutant (D727K&R752E) and compared the electrophysiological properties of D727K, R752E and D727K&R752E (Fig. 8A and B) . The G-V relationships of D727K and R752E did not show remarkable changes in comparison with that of WT, although D727K&R752E showed a large negative shift (Fig. 8C) . The deactivation kinetics (τ slow and τ fast ) of D727K and R752E were significantly accelerated (Fig. 8B, D and E) , corresponding to the results shown in Figs 6 and 7. As expected, a charge-swapped double mutant, D727K&R752E, showed slow deactivation kinetics similar to those of WT (Fig. 8B,  D and E) . These results suggest that double mutation restores the interaction between the positions of Asp727 and Arg752, and that this newly identified electrostatic interaction between Asp727 and Arg752 is critical for slow deactivation. 
D727K and R752E showed decreased FRET efficiency, and the double mutation restored it
The region around Asp727 and Arg752 is far from the interface between the EAG and CNBH domains (Figs 1B and 7D) . To examine whether or not the D727K, R752E and D727K&R752E mutations affect the interaction between the EAG and CNBH domains, we constructed their mutants based on WT-C1/Y3 and evaluated their FRET efficiencies. The FRET efficiencies of D727K-C1/Y3 and R752E-C1/Y3 were decreased significantly compared to that of WT-C1/Y3 (Fig. 9A, left) . On the other hand, D727K&R752E-C1/Y3 showed a FRET efficiency, similar to that of WT-C1/Y3 (Fig. 9A, left) . Their F C /F Y ratios were not significantly different (Fig. 9A,  right) . A negative shift of the G-V relationship was observed especially in D727K&R752E (Fig. 9B) , similar to the case of the FP-less constructs (Fig. 8C) . The deactivation kinetics of D727K-C1/Y3 and R752E-C1/Y3 were significantly accelerated, and D727K&R752E-C1/Y3 showed deactivation kinetics similar to those of WT-C1/Y3 (Fig. 9C and D) . These results suggest that the acceleration of deactivation by the mutations of Asp727 or Arg752 is accompanied by cleavage of the interaction between the EAG and CNBH domains, and also that the interaction between Asp727 and Arg752 is important with respect to stabilizing the inter-domain interaction critical for slow deactivation.
Effects of the mutations on the activation kinetics
Phe860 mutations and disruption of the salt bridge between Asp727 and Arg752 remarkably accelerated deactivation. If this is a result of destabilization of the open state, a shift of the G-V relationship in the depolarized direction is expected. However, this was not observed. One possibility is that not only the deactivation rate, but also the activation rate is increased by mutation, leaving the V 1/2 value unchanged. To examine this possibility, we analysed the activation kinetics at 0, 20 and 40 mV of WT, F860E, R752E and D727K&R752E (Fig. 10) . We recorded a gradual increase in the tail current amplitude at −60 mV, in accordance with the elongation of the preceding test potentials (Fig. 10A) , and the activation time constant was determined by fitting the time course with a single exponential function.
We observed that the activation kinetics of F860E and R752E was significantly faster than that of WT at 0 mV, although not at 20 or 40 mV ( Fig. 10B and C) . By contrast, the activation kinetics of D727K&R752E, which showed an unexpected G-V shift to a hyperpolarized potential in spite of the normal slow deactivation, was remarkably faster than WT at 0, 20 and 40 mV (Fig. 10B and C) .
Voltage-dependent change of the interaction between the EAG and CNBH domains was not detected by FRET analysis
The interaction between the EAG and CNBH domains in the ELK channel of KCNH subfamily was reported to change depending on the voltage/state (Dai & Zagotta, 2017) . We analysed the voltage-dependent changes of the FRET value of WT-C1/Y3 of the hERG channel by two methods (Fig. 11) . Using the same TIRF microscope set-up as in Figs 4, 5 and 9, we recorded the FRET values continuously in response to the membrane potential change achieved by changing the K + concentration in the bath from 4 mM to 140 mM (Fig. 11A) . The resting membrane potential in 4 mM K + was recorded by independent whole-cell patch clamp experiments (−42.1 ± 4.6 mV; n = 6), showing that the expected membrane potential change is from −42 mV to ß0 mV. We could not detect any significant changes of FRET values upon depolarization (Fig. 11A) .
We also performed voltage clamp fluorometry analysis by simultaneously recording the current by whole-cell patch clamp and the fluorescence signal for FRET analyses using a conventional fluorescence microscope (Fig. 11B) . A, representative current recordings from WT, F860E, R752E and D727K&R752E. Test pulses to 0 mV of varying duration followed by a step pulse to −60 mV, shown at the upper right, were applied. The activation kinetics were evaluated from the increase in the peak tail current amplitude in accordance with the increase in the duration of the test pulse. B, plots of evaluated τ activation values at 0, 20 and 40 mV. The test pulse duration-dependent increase in the tail current amplitude in (A) was fitted to a single exponential function to determine the activation time constant, and the average values were plotted as a function of membrane potential. C, τ activation values at 0 and 40 mV.
state was recorded at the beginning of the tail current at −40 mV. No significant state-dependent change was observed ( Fig. 11C and D) . Furthermore, there was no change between −70 mV and 40 mV where the channel is activated and inactivated.
Taking these results together, we could not detect state or voltage-dependent changes of the FRET value, suggesting that the association of the EAG and the CNBH domains is rather static, with no remarkable state-dependent dynamic changes.
Discussion
Phe860 contributes to stabilization of the interaction between the EAG domain and the CNBH domain
The acceleration of deactivation in the F860A mutant ( Fig. 2D and E) confirms the findings of a previous study (Brelidze et al. 2013) Time (s) Time ( Physiol 596.19 to the CN-bound HCN or CNG channels. Because CN-binding-dependent structural rearrangements are reported in these CN-sensitive channels (Craven & Zagotta, 2004; Craven et al. 2008) , mutation of Phe860 is considered to have changed the structure of the hERG channel to a state similar to that of CN-unbound HCN or CNG channels. The results of various mutations ( Fig. 2D and E) show the critical role of a hydrophobic amino acid residue at this position (Phe860 in WT). The CN binding pockets of HCN and CNG channels have both hydrophilic and hydrophobic amino acid residues (Zagotta et al. 2003) . In the case of the Anopheles gambiae ERG channel, the hydroxyl group of the intrinsic ligand, Tyr727, interacts with Lys658 in the CN binding pocket located at a distance of 3.3Å (Brelidze et al. 2013) . In the hERG channel, the distance between Phe860 and Arg791, which corresponds to Lys658, is as far as 6.1Å (Wang & MacKinnon, 2006) . This may explain why the hydrophobicity rather than negative charge at this position is critical and suggests that the CN binding site is firmly stabilized by a hydrophobic interaction with Phe860.
Among mutations in the C-terminal cytoplasmic region that accelerate deactivation (Al-Owais et al. 2009; Muskett et al. 2011; Ng et al. 2014) , only Asp803, located at the inter-domain interface, is known to be directly involved in the interaction between the EAG and CNBH domains (Ng et al. 2014) . In the present study, FRET analysis demonstrated that the mutation of Phe860 impairs the interaction between the EAG and the CNBH domains (Figs 4, 5 and 12A and B) . This finding suggests that mutation of Phe860 induced a structural change of the CNBH domain, which resulted in the disruption of the interaction with the EAG domain. Another possibility is that the mutation of Phe860 itself directly influenced the interaction with the EAG domain because Phe860 is located relatively close to Met60 and Gln61 at the boundary of these two domains (Wang & MacKinnon, 2017) (Fig. 1B and C) .
There is no clear electrostatic interaction between Arg696 and Asp727 in the hERG channel
In the C-linker domain of HCN and CNG channels, the αA and αB helices of one subunit are located on top of the αC and αD helices of an adjacent subunit. This is called an 'elbow on the shoulder' structure, and salt bridge pairs in this region are critical for CN sensitivity (Zagotta et al. 2003; Craven & Zagotta, 2004; Craven et al. 2008) . In the mouse HCN2 channel, a salt bridge pair is formed in the C-linker between Lys472 on the αB helix and Glu502 on the αD helix of an adjacent subunit (Zagotta et al. 2003) . In the hERG channel, the inter-subunit 'elbow on the shoulder' structure is conserved, and the corresponding amino acid residues, Arg696 and Asp727, are located at a relatively close distance of 3.8Å (Wang & MacKinnon, 2017) (Fig. 1D) . However, the results of the mutagenesis study did not support the presence of a functional electrostatic interaction between them (Fig. 6 ). This might be the result, for example, of a difference in the orientation of the side chain of Asp727 or the αD helix in the functioning channel from the solved structure.
The salt bridge between the two amino acid residues corresponding to Arg696 and Asp727 is known to contribute to the stability of the closed state in HCN and CNG channels (Craven & Zagotta, 2004; Craven et al. 2008) Based on the hERG structure (Wang & MacKinnon, 2017) , the interaction occurs between adjacent subunits. B, Phe860, a unique amino acid residue in the KCNH subfamily, including the hERG channel, serves as an intrinsic ligand instead of CN. The mutation accelerates the deactivation kinetics and also destroys the interaction between the EAG and CNBH domains. C, Arg752 was newly identified in the CNBH domain, unique in the KCNH subfamily, and Asp727 was identified in the C-linker domain as an electrostatically interacting pair. Their mutation accelerates the deactivation kinetics and also decreases the interaction between the EAG and CNBH domains, although the location is relatively distant from the inter-domain interface.
CN bound state by the presence of Phe860, it might be expected that the salt bridge in the hERG channel is open. Therefore, the results of the present study showing that there is no clear interaction between Arg696 and Asp727 in the hERG channel fits well with the disruption of the salt bridge in the CN-bound state of the CN-sensitive channels.
The electrostatic interaction between Asp727 and Arg752 also contributes to the inter-domain interaction between the EAG and CNBH domains
In the present study, we searched for a partner in the electrostatic interaction with Asp727 in the C-linker domain, and newly identified Arg752 on the αA helix in the CNBH domain on the same subunit (Fig. 7B) .
The distance between Asp727 and Arg752 is 4.5Å in the hERG structure (Wang & MacKinnon, 2017) . It is notable that the R752W mutation is causative of long QT syndrome (Ficker et al. 2000) . Based on the results of NMR experiments, it was also reported that R752W could cause conformational changes resulting in the loss of the inter-domain interaction between the EAG and the CNBH domains (Li et al. 2016) . A positively charged amino acid residue corresponding to Arg752 is not conserved in the CN-sensitive HCN and CNG channel subfamilies, indicating that this electrostatic interaction is unique in the KCNH subfamily. Most interestingly, using FRET analysis, we showed that the salt bridge between Asp727 and Arg752 contributes to the interaction between the EAG and CNBH domains (Figs 9 and 12A and C) . This electrostatic pair is located at a more distant position from the channel gate than those of HCN and CNG channels (Arg696 and Asp727) (Fig. 7B) . Also, in the screening of positively charged amino acid residues critical for slow deactivation, we identified effective mutations mostly in the CNBH domain (Fig. 7A) , and not in the C-linker domain (i.e. at positions closer to the EAG domain than to the gate) (Fig. 7D) , which fits well with a previous study (Muskett et al. 2011) .
Taken together, we speculate that the disruption of the salt bridge between Asp727 and Arg752 by mutation induces a change in the structural stability of the CNBH domain, which results in disturbance of its interaction with the EAG domain ( Fig. 12A and C) and this might be a major cause of the loss of slow deactivation because the EAG domain is known to be critical for slow deactivation (Schonherr & Heinemann, 1996; Morais Cabral et al. 1998; Wang et al. 1998 ).
Consideration of the side effect of FP-tagging
As a general understanding, experiments using manipulation of amino acid residues, by mutation, insertion or deletion, accompany a potential risk of unintentional side effects. In the present study, we used FP-tagged constructs to investigate the interaction between the EAG and CNBH domains by FRET analysis. The WT-C1/Y3 construct showed a slightly but significantly faster deactivation than FP-less WT (Fig. 3E) . This shows that the gating and possibly the structure are somehow affected by the insertion of FP. However, comparisons of electrophysiological properties of FP-less WT with FP-less Phe860 mutants (Fig. 2) , and FP-tagged WT with FP-tagged Phe860 mutants (Fig. 4) showed similar tendencies. It was also true for FP-less WT and Asp727, Arg752 mutants (Fig. 8) and FP-tagged WT and Asp727, Arg752 mutants (Fig. 9) . The results thus show that the slow deactivation is not severely lost in WT-C1/Y3, and the inter-domain interaction between the EAG and CNBH domains in FP-tagged WT is sufficiently retained. Thus, we consider it acceptable to use WT-C1/Y3 for the analysis of changes induced by point mutations.
Effect of the mutations on the V 1/2 values and the activation kinetics
Phe860 mutations and disruption of the salt bridge between Asp727 and Arg752 remarkably accelerated deactivation, although a positive shift of the G-V relationship was not observed (Figs 2 and 8) . One possibility may be that not only the deactivation rate, but also the activation rate is increased by mutation. However, the activation kinetics of F860E and R752E were significantly faster than those of WT only at 0 mV, and not at 20 or 40 mV (Fig. 10) . These results, which do not go well with the expectation from a simple two state model, are assumed to a result of the complex gating of the hERG channel, as shown, for example, by the deactivation kinetics fitted not by a single but by double exponential function. An assumption of multiple open states will better explain the observed phenomena.
The activation kinetics of D727K&R752E, which showed an unexpected large G-V shift to a hyperpolarized potential (Fig. 8C) , despite normal slow deactivation ( Fig. 8D and E) , were significantly faster than those of WT ( Fig. 10B and C) . This result suggests that there could be another mutation effect in D727K&R752E on the activation rate, even though the salt bridge necessary for slow deactivation is restored by the double mutation. The truncation of the N-terminal cytoplasmic region (2-354) (Gustina & Trudeau, 2011 , mutations in the proximal N-terminal cytoplasmic region (Saenen et al. 2006 ) and the S4-S5 linker domain (Alonso-Ron et al. 2008; Ng et al. 2012 ) induced a remarkable shift of the G-V relationship to the hyperpolarized direction. These J Physiol 596.19 regions are located under the voltage sensing domain and relatively close to the αA and αB helices of the C-linker domain (Wang & MacKinnon, 2017) . Thus, it is possible that the double mutation, from Asp727 and Arg752, to Lys and Glu, might have changed the structure of these regions, especially the upper part of the C-linker domain, even though the salt bridge formation is restored. Determination of the structure including the proximal N-terminal cytoplasmic region, which is not included in the cryo-EM structure (Wang & MacKinnon, 2017) , will help to provide a better understanding.
State-dependent dynamic change of the interaction between the EAG and CNBH domains was not detected
We analysed the voltage-dependent changes of the FRET value of WT-C1/Y3, upon depolarization by increasing the K + concentration in the bath (Fig. 11A ) or by direct membrane potential control by patch clamp (Fig. 11B-D) . However, state or voltage-dependent changes of the FRET value could not be detected, suggesting that the association of the EAG and CNBH domains is rather static. This is in clear contrast to the ELK channel for which the inter-domain interaction was shown to change dynamically depending on the state (Dai & Zagotta, 2017) . In the study by Dai & Zagotta (2017) , a pair comprising Anap (a fluorescent unnatural amino acid) and a transition metal ion (Co 2+ bound to the two introduced His residues) was used for FRET analysis. Also, the position where the His residue was introduced is within the CNBH domain, whereas, in the present study, we introduced Venus after the CNBH domain to avoid structural interference. Thus, there remains a possibility that the difference of the results between the ELK channel and the hERG channel in the present study using Cerulean and Venus is a result of the methodological difference.
We speculate that the salt bridge between Asp727 and Arg752 is also static, with no voltage-dependent dynamic association/dissociation. In mutations that disrupt the electrostatic interaction (Figs 8 and 9 ), we observed a decrease in FRET efficiency. If the electrostatic interaction between Asp727 and Arg752 changes depending on the voltage, it may be natural to expect that the FRET efficiency would also change, although this was not the case. The results imply that both of the salt bridges between Asp727 and Arg752, and the interaction between the EAG and CNBH domains, are static, with no dynamic voltage-dependent change.
The functional role of the static complex of the EAG and CNBH domains in the gating
There are four unique structural features in the KCNH subfamily including the hERG channel. First, a unique amino acid, Phe860, is present in the CNBH domain, which fills the binding pocket in place of CN constitutively. Thus, it lacks CN-dependent regulatory changes (Brelidze et al. 2009 ). Second, we demonstrated that the inter-subunit salt bridge in the C-linker domain between Arg696 on the αB helix and Asp727 on the αD helix is not formed. This salt bridge is dynamically formed in the HCN and CNG channels upon binding of CN to the CNB domain (Craven & Zagotta, 2004; Craven et al. 2008) . Third, we newly identified an electrostatic interaction between Asp727 in the C-linker and Arg752 on the αA helix in the CNBH domains. This salt bridge, unique in the KCNH subfamily, is presumably static. Fourth, supported by these features, a static inter-subunit complex between the EAG and CNBH domains is formed, which hangs on or stably attaches to the lower part of the C-linker domain (Fig. 12) .
The N-terminal tail domain in the EAG domain, known to be critical for slow deactivation (Morais Cabral et al. 1998; Wang et al. 1998; Muskett et al. 2011; Ng et al. 2011; Tan et al. 2012; Vandenberg et al. 2012) , was shown to be located in the space surrounded by the voltage-sensor, the S4-S5 linker domain and the C-linker domain of the adjacent subunit in the cryo-EM structure analysis (Wang & MacKinnon, 2017) . The S4-S5 linker domain is also known to contribute to slow deactivation (Sanguinetti & Xu, 1999; Ng et al. 2012) . There are interactions between the N-terminal tail domain and the S4-S5 linker domain (de la de la Pena et al. 2013) and between the N-terminal tail domain and the upstream part of the C-linker domain (Ng et al. 2014) . We also observed R681E mutation on the αA helix in the upper part of the C-linker domain significantly decelerated the deactivation kinetics (Fig. 7A) . Because Arg681 is pointing to the upper side and located in a short distance of 3.7Å from Glu544 in the S4-S5 linker domain in the cryo-EM structure (Wang & MacKinnon, 2017) , the result shows a critical and unique contribution of Arg681 supporting the importance of this region for deactivation.
The EAG and CNBH domains, as well as the lower part of the C-linker, might form a static complex as a whole, and the allocation of this whole structure relative to the upper part of the C-linker domain, S4-S5 linker domain and the N-terminal region is assumed to change dynamically during the gating including deactivation. The lower static complex might serve as a scaffold or 'a hanging weight' for the dynamic upper part. The structures in multiple states of gating, in which the whole N-terminal cytoplasmic region is included, should shed insight on the dynamic aspects during the complex gating of hERG channel.
